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ON THE FREE - ENERGY RELATIONSHIPS FOR REVERSIBLE

AND IRREVERSIBLE ELECTRON TRANSFER PROCESSES

I - INTRODUCTION

It is frequently observed that for a set of related chemical reactions

there is a relationship between the free energy of activation, AG, and the

standard free energy change, AG. The formulation and meaning of such free

energy relationships (FER ) have been widely discussed in the past,

Darticularly as they pertain to proton2 and electron3 transfer pro-

cesses where extensive kinetic data are available. The introduction of electronically

excited molecules as reactants in electron transfer processes has generated new

sets of data and this has caused renewed interest in the experimental and theo-

retical aspects of FER

Electron transfer processes have been studied in our laboratories using

different substrates (organic peroxides
4 and transition metal complexes )

and pursuing different aims (elucidation of the mechanism of bioluminescent and

4
chemiluminescent displays and the design of systems for the conversion of light

5
into chemical energy ). In several cases these studies have led us to observe correla-

tions between kinetic and thermodynamic quantities and to use these correla-

tions as a means for obtaining deeper insilht into these reaction mechanisms.

In two independent papers6 '7 we recently discussed some general aspects of

electron transfer kinetics and apparently arrive at contradictory conclusions

about the validity and the meaning of linear FER . The purpose of this paper

is to analyze and to compare our different approaches in order to clarify their

scope and limitations with the aim of removing the apparent contradiction.

II - KINETIC SCHEME

An electron transfer reaction originating from a weak interaction8 between

a donor and an acceptor can be discussed on the basis of the following scheme:
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Scheme 1

k 1 k 2 3 D + - 0 ( I
14 k2 3 k

D +A . D...A D---- ... A - p (
k21 " 32

where the electronic states of D and A are left unspecified, k1 2 and k are the

9
diffusion and dissociation rate constants of the encounter complex, k23 and

k are the rate constantsfor forward and back electron transfer in the

encounter, and k30 comprises all the possible processes (except that leading

+ - 9
back to D... A) by .which the D+...A- ion pair can be consumed. Some of the

possible processes represented by k30 may be thermodynamically reversible

+(e.g., the diffusion apart of D. and A.) whereas others may be irreversible

(e.g., the dissociation of A: into fragments). In the early stages of the

overall process described by k30 the electron transfer can be considered kineti-

cally irreversible because the extent of the opposing reactions is negligible even

for thermodynamically reversible reactions. Application of the usual steady state

approximations to the concentrations of D... A and D+...A leads to the following

equation for the experimental rate constant of formation of P:
10

k k(2)

1 + k21 1 + k32
k23 k32

The key step of Scheme 1 is the electron transfer in the encounter complex.
11

Using a classical approach, k23 and the ratio k3 2/k3 2 are given by

-AGO /RT
k =k; e (3)
23 230;

k32 /k23  eAG 23/ '"N,

-32 23

/ N
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where k 3, AG 3, and AG23 are the frequency factor, the standard free activa-

tion energy and the standard free energy change of the electron transfer step.

Using eqs. 3 and 4, eq. 2 can be transformed into eq. 5:

k k
k p 12

(5)

k21 AGO/RT + k21  AG/RT

k23 k30

For the reactions of some acceptor with a series of related donors (or vice

versa) k1 2, k21, k;3, and k30 can be considered constant, thus kp is expected

to depend only on AG and AGO . In turn AGO can be expressed as a function

of AG23 (FER), and, therefore, k can be formulated as a function of only AG2 3.

Prior to further discussion of eq. 5 it is important to clarify the

meaning of AG2 3. When the products of the electron transfer step (i.e., D.

and A:) are thermodynamically defined species,13 and the interaction in the

encounter complex is weak, the free energy change in the electron transfer

step is related to the standard free energy change AG (eq. 6) for the overall

net electron transfer reaction (eq. 7)

AG = EO(D+/D) - E*(A/A- ) (6)

D + A ____ D+ + A (7)

by the following equation:

AG23 - AG + W - W (8)23p r

where Wr is the work required to bring the reactants together and W is the

corresponding term for the products. For weak interactions the work terms
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are due only to coulombic attractions and, therefore, they, are practically

zero when at least one of the two reaction partners i s uncharged. More gen-

erally, W and W can be calculated, but usually the:r :ire very small and neg-
r p

ligible, especially in polar solvents. Thus, the standard free energy change

of the electron transfer step can simply be taken a~i equal to the standard

free energy change of reaction 6 which is given by :he difference in the

standard potential of the two redox cour ies. Such potentials are

usually obtained from polarographic or cyclic vo. cammetric experiments. In

some cases, however, the standard redox potential.s of the species involved

are not obtainable either because the species i: not thermodynamically

defined1 3 or for some other experimental

reason. In such cases the free energy change ,f the electron transfer step

is unknown but eq. 5 can nevertheless be very useful as we will show below.

III - THERMODYNAMICALLY REVERSIBLE ELEC'fRON TRANSFER STEP

When the electron transfer step is thermodynamically reversible AG2 3

can be measured, at least in principle, and AG3 can thus be expressed as a

function of AG23 by means of a FER. The following FER have been proposed

and used in this regard:

14
1) the Polanyi linear equetion

AGO 3  AG2 3 +23 (9)

2) the Marcus quadratic equation
3a

AG . AGO (0) (1 + (AG23 4AGO(O))]
2  (10)

3) the Rehm-Weller equation
1 5

AG 23 
2  ]2  1 /2

AG 2 + AG#(O) (11)



4) the hyperbolic equation derived first by Marcus 2a for atom transfer reactions

16and formulated later by Agmon and Levine for use in electron transfer

reactions

AGO - AG23 + AG (0) In 1 + exp [ A 2 3 n2 (12)
2 n2 AG __ (0)

In eqs. 10, 11, and 12 AG (0) has the meaning of an "intrinsic barrier"
1 7

being the free energy of activation for a reaction with AG 23=0. In eq. 9, a

(usually 0<a<l) and a are empirical parameters; at AG2 3=0 8 is conceptually

similar to, but not always equal to, AG (0).

Eqs. 11 and 12 exhibit similar behavior for the entire range of AG2 3 values

probed. For both of these equations, AG tends asymptotically towards zero for

hiahly exergonic reactions, and toward AG for highly endergonic reactions.
23

Such behavior seems to be intuitively reasonable. Also, eqs. 11 and 12, when

used in eq. 5, satisfactorily account for the available kinetic data for rever-

sible systems over the entire AG23 range explored.

The linear FER (eq. 9) must break down for very large positive or negative

AG23 values. That eq. 9 has severe limitations for quantitative correlations

between thermodynamic and kinetic quantities over a sufficiently broad range

of AG23 is well known.2c  It has also been shown7 that such linear FER can be

viewed as tangents of the curves from eqs. 11 or 12, and thus they can be con-

sidered to be approximations of the nonlinear FER, valid over a more or less

narrow AG range (see below).
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The Marcus quadratic equation (eq. 10) behaves very similarly to eq. 12

for A3 < 0AG<) and thus it also accounts for the experimental results con-

cerning this AG23 range. A peculiar and famous feature of this equation is the

prediction of an increase of AG when AG2 3 becomes lower than -4AGO(O). When

used in eq. 5 the Marcus quadratic equation would thus predict a dramatic

decrease in log k with increasing exergonicity (Marcus inverted region).

Until a few years ago definite proof for or against the Marcus inverted region

was not available because only a few exergonic reactions had been studies. In

the last few years, however, the use of electronically excited states in elec-

tron transfer reactions (especially transition metal complexes), and the use of

flash photolysis as a fast relaxation technique has permitted the exploration

in a systematic way of the AG23 range corresponding to the Marcus inverted

region.5,15,18-22 No clear evidence of the inverted region has been found in

23
fluid solution. Only recently has evidence of the predicted strong decrease

in the rate constant been observed for electron tunneling in rigid medium.
2 4

In conclusion, from a purely empirical point of view, when the application of

a FER is over a range where JAG 2 3 1 > AG (0) the use of eq. 12 (or 11) is pre-

ferable to that of eqs. 9 and 10.

Let us now consider the problem in more detail. When eq. 12 is substi-

tuted into eq. 5 the result predicts that a plot of log k vs AG for a homo-
p 23

geneous series of electron transfer reactions should consist of (Fig. 1):

(i) a plateau region for sufficiently exergonic reactions, (ii) an Arrhenius

type linear region (slope 1/2.3 RT) for sufficiently endergonic reactions, and

(iii) an intermediate region (centered at AG2 3=0) in which log kp increase in

a complex by monotonic way as AG23 decreases. Simple mathematical considera-

tions show that the plateau value (i.e., kp for AG - - ) is equal to

k ko
k 12 23

p k2 3 + k2 1  (13)

23 21
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S25
and thus it does not depend on AG (0) . On the other hand, for large and
positive values of AG2 3 (point (ii) above) k is given by

P p
o k

k1 2k23k30
= k2 1(k 0  e-AG2 3 /RT

k= e 233  (14)

k k21(k30 + 23)

and thus in this case also there is no dependence of the slope on AG (0). By

contrast, AG4(O) strongly affects the values of the slope in the intermediate

nonlinear region. As is shown in Fig. 1, for very small values of AG (0)

the intermediate region is almost unnoticeable and the connection between the

plateau and the Arrhenius straight line takes place (mediated by diffusion)

in a very narrow AG2 3 range. As AGO(O) increases, the nonlinear region broadens

more and more, and, for this very reason, the variation of log k over broaderp

and broader AG ranges can be approximated by straight lines, i.e. by tangents

to the curve obtained by eqs. 5 and 12. For example: when AG (0) =

20-30 kcal/mol the curve can be approximated by a tangent for about 10 units

of log k values (Fig. 1). It can be shown that the slopes of the tangent isp

given by

1
= (15)

2.3PT [I + exp(-in2 AG. /AG#(0)]

and thus must be in the range 0>6> RT with Y-0.5/2.3 RT at 2G 0,-- 2.RTwty2.3 RT .3R t 23 =0

y=-0.5/2.3 RT for positive AG23 and y=-0.5/2.3 RT for negative AG 23 These

tangents are exactly the straight lines that can be obtained from eq. 5 using

the linear FER of eq. 9. Thus the experimental values of the slope (a) and

the intercept (0) related to AG23 and AGo (0) by:
26

1

[I + exp(-1n2 AG 23/AG 0(0)]

23J



AG2 3

= (17)[1 + exp (In2AG23/AG (0)] + AG#(0) ln[l + exp(-ln2AG 23/AG(0()]

ln2

Note that

a = -2.3 RT y (18)

and 2 is equal to AG (0) only for the Iangent at AG =0, being lower than

AG 0(0) for all the other tangents.

When AG (0) is very large (a necessary condition for "linear" behavior

over a large AG2 3 range of the curve corresponding to eqs. 5 and 9) sufficiently

high k values to be experimentally measurable can only be obtained in theP

exergonic region, where a is expected to be lower than 0.5 (i.e., y< -0.5/

2.3 RT). Another point should be emphasized. The slope of log kp vs AG

(or AG2 3 related quantities) has often been taken as an indication of the

degree of charge transferred at the reaction transition state. It is impor-

tant to note, however, that cc values between 0 and I are eesilv explained by

the ujve model, which is based on reversible complete electron transfer.

A number of electron transfer reactions have been found to obey eqs. 5

and 12 (or 11) 5 ,15,19-21,23,27-29 and by best fitting procedures it is pos-

sible to evaluate important parameters like k2 and AG (0). For all such
23

systems AG#(0) has been determined to be small, or, at least, not too large.

For systems having large AG (O) (i.e., necessitating a large nuclear rearrange-

ments prior to electron transfer) the standard redox potentials are usually

not available because such systems behave irreversibly in dynamic electrochem-

ical experiments. However, for a series of reactions between a homogeneous

family of donors having known standard oxidation potentials and the same
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acceptor having an unknown, but thermodynamically defined, reduction poten-

tial, a plot of log k vs E°(D/D+) can be drawn which exhibits all the features

shown before for the log k vs AG plot. In these cases the analysis of the
p - 23

curve may permit the determination of the E°(D/D + ) value for which AG =0,

i.e. the EO(A/A
- ) value.

IV - THERIODYNAMICALLY IRREVERSIBLE ELECTRON TRANSFER STEP

In some systems the electron transfer step is part of an overall irrever-

sible transformation. This happens, for example, when D. and/or A. undergo a

very fast chemical reaction such as dissociation into two fragments. Typical

cases are the cleavage of the oxygen - oxygen bond upon reduction of peroxides.
4

For such systems the situation may be schematized as follows

k k k
2 3 23 +k3

--- + -__43

D + (a-b) t.j D... (a-b) 3D.-r-- .. (a-b) (," D.. (a-b.) P (19)
21 32 32

where (a-b) is the molecule which undergoes very rapid dissociation upon reduc-

tion and (a b.) represents the one electron reduction product of (a-b) after

cleavage of the bond between a and b. For these molecules, electrochemical

experiments give irreversible waves. The standard reduction potential corres-

ponding to the process

(a-b) + e o (a-b): (20)

is unknown, and cannot be precisely defined if the potential energy surface

of (a-b): is dissociative along the a-b coordinate. Thermodynamically, in

these cases, what can be defined rigorously is the overall potential of the

process

(a-b) + e a + b. (21)

I
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which in principle can be measured potentiometrically or estimated from ther-

modynamic cycles. For these systems, an appropriate kinctic scheme is the

following

k12 k23 k 3
D + (a-b) - D... (a-b) 4 .. (a b.) P (22)

k21 k32

Eq. 22 is completely equivalent to eq. 1. 30,32

In practice, for electron transfer reactions between the members of a

homogeneous series of "regular" donors and the same (a-b) type of acceptor

(or vice versa) a linear relationship between the logarithm of the overall

rate constant (or, which is equivalent, the free energy of activation) and

23 often observed.4 33 . The value of AG' is obtained from eqs. 6 and 8

using the observed irreversible peak potential in the place of the standard

reduction potential of the (a-b) species. The experiments give values for

the slope of log kp vs AG23 usually in the range from -3 to -8 V - (the slopes

of the equivalent AG vs AG' plots are thus in the range 0.2 to0.5). This
- 23

behavior can be explained in two alternative ways that will now be examined.

Linear Relationships. Consider Fig. 2, where the potential energy of

the system is plotted against the a-b distance. The minimum on the left-hand

side corresponds to the e-counter complex D...(a-b). The three dissociative

curves correspond to the bond r.,pture of the (a-b). species in the Dt... (a-b)-.

ion-pair obtained by electron transfer from three different donors to (a-b).

Changes in solvation and other internal coordinates correspond to other dimen-

sions of the diagram. In Fig. 2 one of the donors has been taken so as to

cause an overall potential energy change of zero for the process

D... (a-b) - D+.. .(a- b.) (23)



where (a- b.) represents the one electron reduction product of (a-b) after

cleavage of the bond between a and b. The figure shows the relationships

among the overall potential energy change (AE), the vertical potential energy

change (AEV), and the potential energy change required to reach the crossing

point (LEO) as the donor is changed. AEO is a constant fraction of AEv if we

approximate the curves in the intersection region with straight lines. In the

weak interaction limit changing the structure of D does not affect the poten-

tial energy of (a-b), so

A(AE) = A(AEv) (24)

5b
Since for a homogeneous series of reactions the entropy change can be con-

sidered constant, we have also that

A(AG2 3) = A(AE) (25)

On the other hand, regardless of the true relationship between the irrever-

sible reduction potential of (a-b) and AG2 3,

A(23) A(AG 3) (26)

In this way the uncertainty introduced by using an irreversible peak poten-

tial to define AG23 cancels from the analysis and does not affect its validity.

If we assume that the main contribution to the free activation energy comes

34
from distortion along the a-b coordinate,

A(AEO) - A(AGO) (27)

" -. . . . ..
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Since AE is a constant fraction of AEv (see above), from eqs. 24 and 27 it

follows that

A(LG ) = cA(AG 23) (28)

and

A(AG ) = cA(AG 3) (29)

By integration,

AG* = aAG 2 3 + (30)

AG = ctAG 3 + ' (31)

or in terms of k,

log kp . -Y AG23 + a (32)

log k = -Y AG3 +' (33)

In the above equations

8= AG (N) (34)

and the difference between 8 and 8' increases with increasing degree of the

irreversibility of the reduction of (a-b). Specifically, in the assumption

AG - AG23 + AEV (35)
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it follows that

= -cAE' (36)
0

where AEv is the vertical potential energy change in Fig. 2 for AE =.
0

Eq. 31 is more convenient to apply than eq. 30 because AG' can usually23 usal

be estimated from the redox behavior of the species involved whereas AG23 is

rarely known. Note that in eq. 31 AG will normally be smaller than AG3

because ' is very small and c is between zero and one. This commonly

35
observed, but recently interpreted by Walling as impossible, result (the free

activation energy cannot be smaller than the free energy change of the reaction)

rests on the fact that AG ' is not the true free energy change of the process,
23

which is, in fact, AG2 3. In eq. 30, on the other hand, is much greater than

' of eq. 31 (see eq. 36) and thus AG may be higher than AG23 over a broad

AG23 range when AEV is very large.

Finally, it should again be emphasized that the value of ot is not related

to the fraction of charge transferred in the electron transfer step, which is

taken to be unity in all cases. It should also be noted, however, that a

linear free energy relationship is not a proof of such an assumption, since a

reaction via an intermediate with greater or lesser charge - transfer charac-

ter (e.g., an exciplex in reactions involving excited states) is expected to

37
show similar trends. The detailed description of the electronic character of

the transition state must therefore rest on other experimental evidence. For

example, our examination of the reaction of organic peroxides with ground- and

excited-state electron donors reveals formation of radical ion products within

10 ns (the resolution of the apparatus) and a linear FER correlation between

11donor oxidation potential and rate spanning a factor of 10 in rate constant.

These observations are entirely consistent with simple electron transfer orig-

inating from a weak interaction between a donor and an acceptor as defined by



-14-

8Marcus. Moreover, they place severe limitations on the properties of any

intermediate preceding electron transfer and on the probability of other than a

weak interaction at the reaction transition state. Of course, as is correctly
35

pointed out by Walling, precise structure of the transition is unknowable.

General treatment - The kinetic scheme shown in eq. 22 can be combined

with the treatment given in Section III if the irreversible process is viewed

as a limiting, strongly distorted case of a reversible process. Eqs. 2 and 12
38

are used, where the contribution of the (a-b) species to the overall free

energy change is obtained from the free energy change of eq. 21. If, as is

usually the case, this last quantity is unknown, it is kept as an unknown

parameter. A plot of log k vs E°(D/D +) will exhibit the same features as

the previously discussed plot of log k vs AG23 shown in Fig. 1. The only dif-

ference is that the zero of the free energy scale in the abscissa is not known.

Since the electron transfer from D... (a-b) to D +...(a b.) involves extensive

nuclear rearrangements (mainly related to the cleavage of the a-b bond (Fig.

2)), it is to be expected that AG (0) can be very large so that in the log

k vs E°(D/D ) plot the intermediate region (see point (iii) of the previous

discussion concerning Fig. 1) will be very broad. If AGO(O) is of the order

of 20-30 Kcal/mol, a very flat log kp vs E0(D/D + ) curve, which can pratcially

be exchanged for its tangents over large AEO(D/D+) ranges, is obtained (Fig.

1). As shown in Section III, the tangent at AG23 - 0 has slope y- -0.5/2.3 RT

(i.e., a = 0.5 for the AGO plot), whereas those for positive or negative AG2 3
have y lower or higher than -0.5/2.3 RT. Since the reaction implies a large

AGO(O), measurable values for k will usually be obtained only for negativeP

AG2 3 values, so that the slope will usually be less than -0.5/2.3 RT. As pre-

viously mentioned, each tangent is equivalent to a linear free energy relation-

ship of the kind eq. 32, whose analogy with the other kind of linear FER given

by eq. 33 had already been discussed
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Conclusion

A treatment for homogeneous series of reversible and irreversible elec-

tron transfer reactions has been given in terms of linear and non-linear FER's.

It has been shown that linear FER's are particular cases of more general non-

linear ones. In the nonasymptotic regions linearity can be observed over

extended AG ranges when the nuclear rearrangements that have to occur prior

to electron transfer in order to obey the Franck-Condon principle are very

large. This is usually (but not only) the case of electron transfer processes

involving an irreversible step like bond cleavage upon electron transfer.

The valued of the slopes and intercepts of the linear plots are related to

such nuclear rearrangements and not to the extent of charge transferred. This

last quantity is to be determined from other experimental or theroetical argu-

ments.
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Captions for Figures

Figure 1. Response of log kp to changes in AG23 as the value of AGO(O) is

varied.

Figure 2. Reaction coordinate for a dissociative electron transfer from a

homogeneous series of regular donors.
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